Sustainable recycling of lignocellulosic biomass includes utilization of all carbohydrates present in its hydrolysates. Since wheat straw is a xylose-rich raw material, utilization of xylose from obtained liquid part (liquor) of hydrolysates improves overall bioprocess efficiency. In this work, dilute acid pre-treatment of wheat straw was performed in high-pressure reactor at different temperatures (160 °C -200 °C), residence times (1 min -10 min), and acids (H 2 SO 4 and H 3 PO 4 ) concentrations. During dilute acid pre-treatment, hemicellulose is degraded to pentose sugars that cannot be used by industrial ethanol-producing yeasts. Therefore, genetically engineered Saccharomyces cerevisiae strain that can utilize xylose was used. Fermentations were performed on different xylose-rich liquor wheat straw hydrolysates in shake-flasks and in horizontal rotating tubular bioreactor. The efficiency of fermentations carried out in shake flasks using xylose-rich liquor wheat straw hydrolysates were in the range of 19.61 -74.51 %. However, the maximum bioprocess efficiency (88.24 %) was observed during fermentation in the HRTB on the liquor wheat straw hydrolysate obtained by pre-treatment with 2 % w/w phosphoric acid.
Introduction
The world industry is trying to replace petrochemical fuels with fuels produced from renewable resources. The demand for ethanol is continuously increasing, because of not only the beverage and food industries, but also because ethanol is an alternative source of energy 1 . Bioethanol is a promising candidate for the replacement of petroleum-based fuels, since it can be used in cars without major modifications to the engine, it can be mixed with gasoline and thereby raise the fuels octane number. It is also environmentally friendly because of a higher degree of fuel combustion resulting in the reduction of carbon monoxide levels in the exhaust gases 2 .
Sustainable fuel and chemical production processes should be based on raw materials that do not compete with human food and animal feed production, such as agricultural and forest biomass 3 . However, the commercial production of ethanol uses starch and other sugar molasses for the fermentation process, bringing into question the viability of such processes since they are competing with the food industry 2, 4 with β-1,4 glycoside bonds, and l-arabinose 6 . Apart from those two most common sugars, hemicellulose contains other saccharides, such as mannose, galactose, and glucose, and organic acids, glucuronic, acetic, ferulic, and p-coumaric acid 7, 8 . Hemicellulose is also covalently bonded to lignin and non-covalently to cellulose, which increases the overall stability of lignocellulose. Lignin is composed of phenylpropane units, which include coumaryl, coniferyl, and sinapyl alcohol. They are connected by ester links and form a crosslinked three-dimensional structure 8 .
It is obvious that lignocellulose is a chemically stable, robust, and complex material that is difficult to break down. To be able to use it in biotechnological processes, it is necessary to convert it into a form that can be enzymatically decomposed. Pre-treatment goals include elevation in porosity of the lignocellulosic raw material, removal of lignin and hemicellulose, and decrease in cellulose crystallinity. Accordingly, the methods used (either physical, physio-chemical, biological and chemical) in pre-treatment procedures must meet the following criteria: Formation of fermentable sugars during pre-treatment or increase in efficiency of later enzymatic hydrolysis; No degradation or loss of carbohydrates during the pre-treatment must occur; The formation of by-products that act as inhibitors of hydrolysis and/or fermentation processes should be avoided; Economic viability 9 . Among all available methods, one of the most commonly used and most promising pre-treatments is the acidic pre-treatment. With this pre-treatment method, milled dry biomass is immersed in acidic solutions of different concentrations at certain temperatures and for different times. In acidic media, hemicellulose is hydrolysed to mono-and oligopolysaccharides due to the cleavage of glyosidic bonds between xylose units, while the amorphous region of cellulose is also degraded, leading to swelling of cellulose fibres 10, 11 . The most commonly used are sulphuric acids and phosphoric acid, because they are relatively inexpensive and efficient in the hydrolysis of lignocellulosic raw materials. However, efficiency of phosphoric acid hydrolysis is lower compared to that of sulphuric acid, but its use is environmentally more acceptable 12 . Even though acids are strong hydrolysing agents, they are extremely corrosive, toxic, and dangerous chemicals, which must be recycled after each pre-treatment. Therefore, dilute acid pre-treatment is generally carried out. The process takes place at elevated temperatures ranging from 140 °C to 215 °C, and residence time of several seconds to several minutes 12, 13 . Sulphuric acid and phosphoric acid are predominantly used in this method in concentrations up to 4 % (w/w), resulting mainly in hemicellulose degradation, since the rate of hemicellulose hydrolysis is significantly faster than that of cellulose 14 . However, toxic compounds, which may negatively affect enzymatic hydrolysis and fermentation, can also be produced 15 . The concentration of toxic compounds is proportional to increasing pre-treatment temperatures and residence times. The resulting liquid hydrolysate must be neutralised, and if calcium carbonate is used, high amounts of gypsum are produced, which requires proper disposal, thus increasing the process costs.
After the pre-treatment process, the liquid hydrolysate undergoes fermentation. One of the most prominent and most commonly used microorganisms is Saccharomyces cerevisiae, which can convert sugars to ethanol as the main fermentation product 16 . Major drawbacks in the bioethanol production from lignocellulosic raw materials is that S. cerevisiae yeast has the ability to metabolize only certain monosaccharides and disaccharides, such as glucose, fructose, mannose, and sucrose, and is incapable of utilizing pentoses (e.g., xylose and arabinose) 13 . Genetic engineering techniques are being used to improve the properties of ethanol-producing microorganisms. Among them, genetically modified yeast strains of S. cerevisiae are more frequently used, which have the ability to metabolize xylose in order to maximize the ethanol yield 17 . The focus of this research was to optimize weak acid (sulphuric acid and phosphoric acid) pre-treatment in high-pressure reactor (HPR) in order to obtain liquid part of the wheat straw hydrolysate (liquor wheat straw hydrolysate) that is rich in xylose, and the solid part rich in glucose. The pre-treatment was performed by different combinations of hydrolysis parameters (temperature, residence time, acid type and concentrations). Xylose-rich liquor wheat straw hydrolysate is usually discarded or burned for energy 7 , but it can also be efficiently used for bioethanol production. However, the solid part of wheat straw hydrolysate requires further treatment with enzyme cocktails in order to hydrolyse the remaining cellulose into glucose; however, this is not in the focus of this research. The potential of obtained liquor wheat straw hydrolysate for bioethanol production was also evaluated through the shake flasks experiments, and additionally confirmed through fermentations in horizontal rotating tubular bioreactor (HRTB).
Materials and methods

Feedstock
Wheat straw (92.61 % dry weight) obtained from northwest part of Croatia was used as feedstock. Prior to pre-treatment, wheat straw was re-duced in size using a hammer mill (NA45 Megametal d.o.o., Croatia). It was milled until all wheat straw particles reached a size less than 5 mm. Wheat straw composition was determined by NREL method
18
: 51.90 % glucans, 21.06 % xylans, 5.12 % arabinans, 3.04 % acetic acid, 1.02 % acid soluble l ignin, 15.88 % acid insoluble lignin and ash, and 2.0 % (w/w) other constituents.
Dilute acid pre-treatment of wheat straw Wheat straw pre-treatment was performed in the HPR constructed as double jacket vessel (total volume of 20 L) without stirrer and perforated holding vessel (slightly smaller diameter than reactor vessel) for grinded lignocellulosic feedstock. An amount of 500 g of dry weight milled wheat straw was transferred into HPR and suspended in 10 L of dilute sulphuric acid (0.5 % w/w) or phosphoric acid (2.0 % w/w). Solid-to-liquid ratio of 1:20 was obtained and used throughout the research. In preliminary research, pre-treatment experiments with diluted sulphuric acid (0.5 % w/w) and phosphoric acid (w = 2.0 % w/w) were carried out at different temperatures (150 °C -200 °C) and constant residence time of 5 min (data not shown). On the basis of these experiments, it was decided that temperature range in further research will be 160 °C -200 °C with different residence times (1-10 minutes, t R ; see Tables 1 and 2 ). After pre-treatment, two fractions were obtained, liquor hydrolysate (liquid fraction), and residual solid fraction of wheat straw. Wheat straw hydrolysate was neutralized with Ca(OH) 2 to approximately pH 7, left to settle, after which the liquid part of the hydrolysate was decanted. Solid part of the slurry was then rinsed with distilled water until pH 7 was reached. Both fractions were stored and analysed for their composition, and kept at -20 °C for future research. In this research, neutralized liquor wheat straw hydrolysate was used in fermentations to evaluate its potential for bioethanol production.
Working microorganism and media
In this work, genetically engineered yeast Saccharomyces cerevisiae that can utilize xylose, from the collection of Laboratory for Biochemical Engineering, Industrial Microbiology and Malting and Brewing Technology (Faculty of Food Technology and Biotechnology, University of Zagreb) was used as a working microorganism. Its genetic stability was proven during intensive preliminary research (data not shown). Medium composition used for inoculum preparation was composed of (in g L ) in order to support xylose utilization. Viable cell count was determined as CFU mL -1 on malt agar medium (Biolife, Italy). Prior to inoculation, all media were sterilized at 121 °C for 20 minutes and cooled to room temperature.
Bioethanol production in different cultivation systems
Preliminary aerobic and anaerobic cultivations of genetically engineered yeast S. cerevisiae were performed in Erlenmeyer flasks containing 300 mL medium. All media were inoculated with 10 % (v/v) inoculum grown overnight. Aerobic and anaerobic cultivations were performed at 25 °C without pH control. Thereafter, HRTB with total volume of 30 L was used for fermentation experiments. Two paddles attached to rotating bioreactor wall ensured mixing and homogenization of the medium. HRTB was made of stainless steel and equipped with a system for temperature and pressure monitoring, as well as a rotation system with two different operating (continuous or interval) modes. Interval rotation mode of HRTB is characterised by its ability to define bioreactor rotation/stagnation time. The optimal operating conditions of HRTB for bioethanol production have been previously defined 19 , and are characterised by HRTB interval rotation mode (12 min/20 min -1 meaning 1 hour 12 minutes of HRTB rotation at 20 min -1 , and 48 minutes of HRTB stagnation (non-rotation period). The sterilization of HRTB was performed by direct steam (121 °C/20 min). Total volume of liquor wheat straw hydrolysate media in the HRTB was 5 L, and bioreactor was inoculated with 10 % (v/v) of yeast suspension grown overnight. Fermentations were performed at 25 °C, samples were withdrawn from the HRTB or flasks at regular time intervals, and analysed.
Analytical methods
Analysis of wheat straw composition and wheat straw hydrolysate, both liquid and solid phase, for determination of structural carbohydrates, acid soluble and acid insoluble lignin, acetic acid and insoluble residue was performed according to NREL method 18 . Concentrations of furans (furfural and hy-droxymethylfurfural) were determined in supernatants of samples according to Martinez et al. 20 Acid insoluble lignin in wheat straw and pre-treated wheat straw was determined by standard TAPPI method 18 , while acid soluble lignin was determined in the wheat straw hydrolysate spectrophotometrically at wavelength of 205 nm by standard TAPPI method 18 . Fermentation broth samples were used for determination of optical density at 600 nm and for viable cell count plating on malt agar medium (30 °C/ 48 h). The samples were then centrifuged (4500 rpm/20 min/4 °C; Harrier 18/80, Sanyo, UK), and the supernatant was pre-treated prior to HPLC determination of carbohydrates (glucose, xylose, arabinose), glycerol, levulinic, acetic, formic acid, and ethanol concentrations.
Briefly, from the supernatants, proteins were precipitated with zinc sulphate solution (g = 100 g L -1 ) 21 and centrifuged to remove the proteins (10000 min -1 /10 min/4 °C; Harrier 18/80, Sanyo, UK). Obtained supernatants were filtered through 0.22 mm nylon syringe filter (LAB Logistics Group GmbH, USA), and used for HPLC analysis (CLASS-VP LC-10A VP; Shimadzu, Kyoto, Japan) on chromatograph equipped with ion-exchange column Supelcogel TM C-610 Hand guard column (Supelcogel TM H), as well as RID detector. Separation and elution was performed with phosphoric acid (0.1 % w/w) at flow rate of 0.5 mL min -1 , column temperature of 55 °C.
Bioprocess efficiency parameters
Bioprocess efficiency parameters were determined by standard procedures. Ethanol content was determined by the following equation:
Ethanol yield (Y E ) was calculated by the following equation:
grams of ethanol produced grams of sugars consumed (2)
Bioprocess efficiency (E) was estimated as the percentage of the ratio between experimental Y E and theoretical ethanol yield:
where theoretical ethanol yield is 0.51 g g
.
Volumetric ethanol productivity (VEP) was determined by the following equation:
where t is cultivation time.
Substrate consumption rate (r S ; h -1 ), specific growth rate (µ; h -1 ), and ethanol production rate (r P ; h -1 ) were determined as a first-order reaction 22, 23 using data from exponential phase. The data were linearized according to the following equation:
ln P = ln P 0 +r P ·t (7) and r S , µ and r P were determined as the slope of the linearized regression line.
Results and discussion
In this work, liquor wheat straw hydrolysate, obtained after dilute acid pre-treatment of wheat straw in the HPR, was examined for bioethanol production. It contains mainly pentose sugars (e.g. xylose and arabinose) and other sugars due to the hemicellulose degradation in the pre-treatment. Except sugars, obtained liquor wheat straw hydrolysate contains several other compounds, such as acids (acetic, formic, and levulinic acids), furans (furfural and hydroxymethylfurfural -HMF), and different lignin derivatives that can have inhibitory effect on the working microorganism in bioethanol production 24, 25 . Solid part of wheat straw hydrolysate contains mainly cellulose and insoluble lignin, and it can be further hydrolysed by commercial enzyme cocktails for lignocellulose degradation into fermentable sugars. In preliminary research, different solid-to-liquid ratios (1:5 -1:20) were examined for wheat straw pre-treatment, and it was observed that ratio of 1:20 is the most suitable for wheat straw pre-treatment in HPR, due to the lowest production of fermentation inhibitors and efficiency of wheat straw hydrolysis (data not shown). Therefore, solid-to-liquid ratio of 1:20 was constant throughout the research. It is well known that, for successful pre-treatment of lignocellulosic feedstock, the soaking process is required prior to pre-treatment. In this study, an innovative approach was examined, which combines soaking and pre-treatment occurring in parallel in the HPR. After loading the milled wheat straw in the perforated holding vessel of the HPR, solution of weak acid was added and wheat straw was covered with dilute acid solution. During temperature increase in the HPR to obtain pre-treatment temperature (30 -40 minutes to operating conditions), soaking of the wheat straw and liquid pre-treatment took place, and once the operating temperature was achieved, treatment was conducted for the defined time interval.
The focus of this research was to evaluate the potential of liquor wheat straw hydrolysate for bioethanol production, as well as to estimate its impact on bioethanol production in biorefinery system. Since S. cerevisiae yeast cannot utilize pentose sugars as main carbon source 25 , in this work, the genetically engineered S. cerevisiae yeast that can utilize xylose and has tolerance to toxic compounds present in the lignocellulosic hydrolysates, was used to improve overall bioethanol production efficiency.
Dilute acid pre-treatment of wheat straw in the HPR In this study, dilute acid pre-treatment was performed using sulphuric acid (0.5 % w/w) and phosphoric acid (2.0 % w/w). Sulphuric acid and phosphoric acid concentrations used in the pre-treatment process were optimized in a prior set of experiments (data not shown). The efficiency of wheat straw hydrolysis was presented as a saccharification yield (percentage of hydrolysed glucans, xylans or arabinans compared to their initial content in the wheat straw). Saccharification yields of wheat straw obtained after its pre-treatment using dilute sulphuric acid (0.5 % w/w) and phosphoric acid (2.0 % w/w) in the HPR are presented in Figs. 1 and 2, respectively. As may be seen in Fig. 1 , glucose concentration in the liquor wheat straw hydrolysate was in the range of 1.15 -4.84 g L -1 (Table 1 ; glucan saccharification yield from 2.64 to 9.64 %). Xylose concentration in the liquor wheat straw hydrolysate was considerably higher than glucose, and it was in the range of 4.35 -13.00 g L -1 (Table 1) . Saccharification yield of xylans was from 18.33 to 66.25 % of total xylans available in the raw wheat straw. Arabinose concentration in the hydrolysate was from 0.76 to 1.72 g L -1 ( Fig. 1 , Table 1 ; arabinan saccharification yield, 12.82 -37.48 %). During dilute acid pre-treatment, mostly hemicellulose is degraded 26 and it was expected that liquor wheat straw hydrolysate will generally contain pentose sugars, smaller amount of hexose sugars and acetic acid. The highest saccharification yields of xylose (45.43 -51.42 %) and arabinose (31.03 -37.48 %) were observed at 180 °C ( Fig. 1) . At temperatures of 160 °C and 200 °C, lower saccharification yields of these two pentose sugars were accomplished. Temperature of 160 °C probably was not high enough to facilitate the hemicellulose hydrolysis. Yield of these two sugars in the liquor wheat straw hydrolysate was lower than the yield at 180 °C. At temperature of 200 °C, hemicellulose was hydrolysed to pentose sugars with lower yield than at 180 °C (Fig.  1) . It is known that, at higher temperatures, pentose and hexose sugars are converted to furfural and hydroxymethylfurfural (HMF), which can be further degraded to formic and levulinic acid 26 . Concentration of these compounds varies depending on the pre-treatment conditions (Table 2) 27 -30 , and they can affect bioprocess efficiency to a lower or higher extent 26 . Obtained data for pre-treatment at 200 °C ( ), and low levulinic acid concentrations (0.06 -0.08 g L -1 ) that was not detected at other tested temperatures. Based on these results, it is obvious that, at 200 °C, significant hemicellulose degradation was achieved. Other than monomeric sugars, acetic acid is formed during hemicellulose hydrolysis with concentrations in the range of 0.43-1.08 g L -1 . Dilute phosphoric acid pre-treatment of wheat straw was performed at the same process conditions as dilute sulphuric acid pre-treatment ( Table 1) . Concentrations of monomeric sugars present in dilute phosphoric acid hydrolysate are shown in Table 1 . Observed glucose concentrations were similar to those obtained for dilute sulphuric acid pre-treatment, and they were in the range of 2.26 -5.55 g L -1 . Xylose concentrations were in the range of 3.12 -9.07 g L -1 , and maximum attainable concentration was lower than the same value obtained for sulphuric acid pre-treatment (g xylose = 13.00 g L -1
; Table 1 ). Obtained arabinose concentrations (0.56 -1.69 g L -1 ) were in the similar range as observed for sulphuric acid pre-treatment (Table  1) . Saccharification yield of glucans in the phosphoric acid hydrolysate were in the range of 5.48 -10.41 % (Fig. 2) , while xylan saccharification yields in the wheat straw hydrolysate were in the range of 13.37 -52.89 %, and arabinose saccharification in yield 11.84 -40.79 %, respectively (Fig. 2) . The highest yield of hemicellulose-derived sugars (xylose and arabinose) was also observed at 180 °C. Acetic acid concentration in the wheat straw hydrolysate was in the range of 0.66 -1.03 g L -1 ( ; Table 2 ). It is well known that furfural and hydroxymethylfurfural (HMF) are formed from pentose and hexose sugars, respectively, in acidic conditions and high temperatures 34, [37] [38] [39] . Prolonged exposure to these harsh conditions leads to further degradation of furfural and HMF to formic acid (and levulinic acid from HMF). Therefore, reduction of furfural levels can be due to this reaction, and additionally due to evaporation caused by prolonged residence time. Formic acid concentration (0.71 -0.98 g L -1 ) was lower in the phosphoric acid pre-treatment than in the sulphuric acid pre-treatment. Levulinic acid was also detected in the liquor wheat straw hydrolysates after phosphoric acid pre-treatment at 200 °C (0.06 -0.13 g L -1 ).
Solid part of wheat straw obtained after dilute sulphuric acid and phosphoric acid pre-treatment was composed mainly of glucans and acid-insoluble lignin (data not shown). It was not used in these fermentation experiments because it has to be hydrolysed to fermentable sugars by cellulolytic enzymes.
Aerobic and anaerobic cultivations of genetically engineered S. cerevisiae on different control media in shake flasks This set of preliminary experiments was performed in order to define bioprocess efficiency parameters (Table 3) for aerobic and anaerobic cultivations of genetically engineered S. cerevisiae per formed in the nutrient-rich media containing only glucose or glucose and xylose as a carbon source. This yeast strain does not grow or utilize xylose when xylose is the sole carbon and energy source present in the medium (data not shown).
When grown in medium containing only glucose in aerobic conditions (Fig. 3a) , all of the glucose was consumed in 7 h at consumption rate of 0.47 h -1 (Table 3) , while during anaerobic cultivation, even after 24 h of cultivation, glucose was present in the medium (Fig. 3b) . Glucose consumption rate in the anaerobic cultivation was approximately one-fifth of that under anaerobic cultivation (0.09 h )
Arabinose (g L anaerobic (0.21 h -1 ) conditions due to the wellknown impact of oxygen on the microbial growth 31, 32 . Maximum biomass concentration in aerobic conditions was higher (X m = 4.18 g L 
Growth of the S. cerevisiae strain in medium containing glucose and xylose is characterized by a slightly longer lag phase (t lag = 3 h in aerobic and anaerobic conditions; Fig. 4a and Fig. 4b ) compared to lag phase in medium containing only glucose (t lag = 2 h in aerobic and anaerobic conditions). All of the glucose from the medium was consumed in 7 h and 20 h in aerobic and anaerobic conditions, respectively. Xylose was simultaneously consumed from the medium with glucose until glucose was spent from the medium, and then xylose utilization decreased. Glucose consumption rate in aerobic conditions, in medium with glucose and xylose (r glc = 0.48 h ). Xylose consumption rate in aerobic conditions was considerably lower than glucose consumption rate (0.07 h
-1
). In anaerobic conditions, xylose consumption rate was around 60 % lower in comparison to aerobic cultivation (0.03 h -1 ; Table 3 ). Values for maximum specific growth rate in aerobic and anaerobic cultivations with glucose and xylose were 0.14 h -1 and 0.09 h -1
, respectively. In these experiments, it was also observed that ethanol was produced in both aerobic and anaerobic conditions. Ethanol conversion coefficient (Y E ) in aerobic conditions in medium containing glucose and xylose was 0.20 g g -1 (Ethanol content = 4.88 g L -1
), while in anaerobic conditions 0.39 g g -1 (Ethanol content = 7.68 g L -1 ), respectively. Bioprocess efficiency for aerobic conditions was 39.22 % and for anaerobic conditions 76.47 % (Table 3) . Obtained results are comparable to data obtained by Lopes et al. 33 where glucose and xylose were simultaneously consumed by different genetically modified S. cerevisiae strains with ethanol conversion coefficient (Y E ) in the range of 0.34-0.45 g g -1 .
Anaerobic cultivations of genetically engineered S. cerevisiae on different liquor wheat straw hydrolysate media in shake flasks
Pre-treatment of lignocellulosic raw materials, such as wheat straw, with dilute acid under high temperatures yields desirable products like monomer carbohydrates (glucose, xylose, arabinose) 34 , and a variety of undesirable products like organic acids and aromatic compounds (e.g., furfural, formic acid, hydroxymethylfurfural, levulinic acid, acetic acid) 7, 24 . Presence of inhibitory compounds can affect bioprocess efficiency depending on their concentration. Inhibitor compounds present in the liquor wheat straw hydrolysates used as a cultivation media for our research, are listed in Table 2 . Concentration of compounds varied depending on pre-treatment conditions. Furfural and hydroxymethyl furfural are two most important inhibitors that are created in lignocellulosic biomass pre-treatment 29, 30 . Influence of furans (furfural and hydroximethylfurfural) on the yeast growth and activity can be used as an inhibition indicator for other compounds present in the wheat straw hydrolysate also 29, 30 . Modig et al. 27 defined that furfural inhibits activity of alcohol dehydrogenase (ADH; EC 1.1.1.1), aldehyde dehydrogenase (ALDH; EC 1.2.1.5), and pyruvate dehydrogenase (PDH; EC 1.2.4.1). As already mentioned, temperature and residence time have significant impact on the furfural concentration in the pre-treated lignocellulosic biomass. In our research, the highest concentration of furfural was observed at 200 °C for pre-treatment with phosphoric acid as well as sulphuric acid (Table 2). It is well known that higher pre-treatment temperatures are related to higher furfural concentrations 27, 30 , but prolongation of residence time decreases concentration of available furfural because of its degradation to levulinic and formic acid. The lowest furfural concentrations in our research were obtained at 160 °C and 1 minute residence time. Prolongation of residence time to 10 minutes, for example, decreased furfural concentration when compared to results obtained for 5-minute residence time at the same temperature, for both acids. Novak et al. 34 reported that S. cerevisiae yeast can grow and produce ethanol when cultivated on lignocellulosic biomass hydrolysate having furfural concentration up to 1 g L -1
. Therefore, it was expected that furfural concentration would not greatly affect bioprocess efficiency during cultivation of genetically
Ta b l e 3 -Bioprocess efficiency parameters of the aerobic and anaerobic cultivation of genetically engineered yeast S. cerevisiae on different control media in shake flasks experiments
C source in control medium 24, 28, [35] [36] [37] . Weak acids influence intracellular anion concentration and accumulation 36 . They can easily diffuse through plasma membrane into yeast cell and decrease cytosolic pH, which is then compensated by pumping protons out of the cell at the expense of ATP hydrolysis by the plasma membrane ATPase, and thus, less ATP is available for biomass formation 36 . Low levels of acetic, levulinic or formic acids can increase the ethanol yield, but ethanol yield decreases at higher concentrations 37 . Larsson et al. 37 assume that low concentrations of weak acids can stimulate the production of ATP, as during anaerobic ethanol production. However, at higher concentrations of weak acids, the ATP demand would be so high that cells could not avoid acidification of the cytosol 37 , and therefore, inhibition of growth and ethanol production would occur. Acetic acid is known as an antimicrobial agent and as a strong inhibitor of yeast growth 24, 35 . Casey et al. 35 report that concentration of acetic acid higher than 1 g L -1 greatly influences xylose utilization by genetically modified S. cerevisiae yeast. Also, in literature 35, 37 it is stated that glucose consumption is not greatly influenced if concentration of acetic acid varies up to 7.5 g L -1 . In our research, concentration of acetic acid in liquor wheat straw hydrolysates varied from 0.43 g L -1 to maximum 1.08 g L -1 (Table 2) ; therefore, greater inhibitory effect of acetic acid on growth and ethanol production was not expected. Maximal concentration of formic acid obtained with dilute acid pre-treatment of wheat straw was 1.49 g L -1 (at 200 °C /10 min/0.5 % w/w H 2 SO 4 ), and the lowest 0.34 g L -1 (at 160 °C /5 min/0.5 % w/w H 2 SO 4 ), respectively. Concentration range is below reported concentrations that have inhibitory effect 37 . Inhibition of growth and ethanol production with chemical compounds obtained during pre-treatment of lignocellulosic biomass must be considered with care. Although it is well known how individual compounds influence bioprocess efficiency 37, 38 of ethanol production, cumulative effect of more than one inhibitor in complex media such as wheat straw hydrolysate is still greatly researched in order to increase ethanol yield and carbohydrates utilization 36, 39 . In our research, selected strain of modified S. cerevisiae has capability of growth and ethanol production in nutrient-rich media containing xylose and glucose (Fig. 4) . After experiments performed in those media, the strains were tested for their ability to grow and produce ethanol in wheat straw hydrolysate containing glucose and xylose as main carbon and energy sources. Total acids (acetic, formic, levulinic) and furfural concentration in our liquor wheat straw hydrolysate media are below reported concentrations that inhibit growth and ethanol production 38 . This is proof that our pre-treatment process with dilute acids at higher temperatures in the HPR is efficient regarding the low concentrations of formed inhibitors. Removal of inhibitory compounds from complex cultivation media is time-consuming, cost-intensive, and has relatively high energy demands 36 . The optimization of pre-treatment in the HPR is an important step in the development of a sustainable process of waste lignocellulosic biomass utilization for biofuels or biochemicals production. Wheat straw hydrolysates obtained by dilute acid pre-treatment at different temperatures (160 -200 °C) and 10 minutes residence time were used for further cultivation, because they contain the highest amount of carbohydrates. The wheat straw hydrolysate media were supplemented only by yeast extract, ammonium hydrogen phosphate, and ammonium sulphate as a source of other nutrients and minerals for yeast growth. Anaerobic cultivations of genetically engineered S. cerevisiae yeast were performed in Erlenmeyer flasks inoculated with 10 % (v/v) inoculum grown overnight at 25 °C and without pH control.
Alteration of glucose, xylose, ethanol, and yeast cells number (CFU mL ) concentrations during S. cerevisiae cultivation on wheat straw hydrolysate media obtained with sulphuric acid (0.5 % w/w H 2 SO 4 ) and phosphoric acid (2.0 % w/w H 3 PO 4 ) in pre-treatment are presented in Figs. 5 and 6, respectively. Other compounds like arabinose, acetic acid, formic acid, levulinic acid, and glycerol were also determined, but not presented. The main reason is that the concentrations of these compounds were almost constant during cultivations 34 . Bioprocess efficiency parameters obtained during S. cerevisiae cultivations on the liquor wheat straw hydrolysate media are presented in Table 4 . As may be seen in Table 4 , lag phase time of our yeast strain (t lag = 2 h) was not significantly affected by the different composition of liquor wheat straw hydrolysate obtained at different temperatures (160 -200 °C) and same residence time (10 minutes) for both pre-treatment processes. Also, exponential growth time is the same for all cases (3 h), except when grown at 200 °C/10 min/2.0 % w/w H 3 PO 4 where exponential time is slightly longer (4 h). Although there is no significant difference in t lag and t exp when cultivation is carried out on different liquor wheat straw hydrolysate media, growth rate varies. During anaerobic fermentation on liquor wheat straw hydrolysate media obtained by sulphuric acid pre-treatment, growth rate was m = 0. (Table 4) for cultivation on liquor wheat straw hydrolysate media obtained at 160 °C/10 min/ 0.5 % w/w H 2 SO 4 . For cultivation on liquor hydrolysate media 180 °C/10 min/0.5 % w/w H 2 SO 4 and 200 °C/10 min/0.5 % w/w H 2 SO 4 glucose consumption rate (r glc = 0.58 h -1 ) increased by 43 % compared to the previous experiment, and consequently, glucose was completely consumed in 5 hours. Xylose consumption was much slower than that of glucose, and it decreased with the increase in inhibitor compound concentrations that are correlated with the increase in pre-treatment temperature (Table 2 ). This observation is in accordance with literature data 35 . For S. cerevisiae cultivations on liquor wheat straw hydrolysate media, the obtained xylose consumption rate had a declining trend; at 160 °C/10 min/0.5 % w/w H 2 SO 4 , xylose consumption rate was 0.05 h , respectively. An exception was cultivation in liquor wheat straw hydrolysate obtained at 200 °C/10 min/2.0 % w/w H 3 PO 4 , where low glucose consumption rate was determined (r glc = 0.05 h -1 ), and even after 24 h of fermentation, glucose was still present in the medium. The probable cause for this occurrence is synergistic influence of media composition and combined effect of inhibitory compounds on bioprocess efficiency (Table 4) . Xylose consumption rate was 0.03 h -1 in media obtained at 160 °C/10 min, 0.02 h -1 in media obtained at 180 °C/10 min, and at 200 °C/10 min, respectively. In all experiments where genetically modified S. cerevisae yeast was cultivated in media containing liquor wheat straw hydrolysates obtained with either dilute sulphuric acid or phosphoric acid, it can be observed that there was no xylose consumption when glucose was depleted from the media. The same phenomenon was also observed in cultivations on nutrient-rich media containing glucose and xylose as carbon sources.
Ethanol production and bioprocess efficiency depends on microorganism used, availability of fermenting carbohydrates and other nutrients, concentration of inhibition compounds, process parameters such as temperature, mixing, aeration, pH control, cultivation technique, and general process control. Complex media such as liquor wheat straw hydrolysates (obtained with dilute acid pre-treatment in HPR) with available fermentable carbohydrates and inhibition compounds represents a great challenge for yeast metabolism and ethanol production. Although, in terms of development of sustainable bioprocesses for biofuels production, the usage of waste and residual lignocellulose raw materials presents a significant source of fermentable carbohydrates, but obtaining them is not an easy task. During pre-treatment in HPR, xylose concentration was two to three times higher than glucose concentration. Since not many strains of S. cerevisiae yeast are able to utilize xylose as a sole carbon source, one of the solutions is either optimisation of the pre-treatment process in order to obtain higher yields of glucose or the usage of genetically modified yeast capable of xylose consumption. Our pre-treatment was directed at reducing the inhibitory compounds in wheat straw hydrolysates obtained after dilute acid pre-treatment, so that the selected genetically modified yeast strain would not be greatly inhibited during growth and ethanol production. As may be seen in Table 2 , available glucose and xylose concentration increases with increase in pre-treatment temperature. Accordingly, ethanol pro duction rate increases from 0. (Fig. 5) , the difference is in concentrations of inhibitory compounds (Table 2 ) such as furfural, acetic acid and formic acid, and their probable influence on bioprocess efficiency. For cultiva-tion on liquor wheat straw hydrolysate obtained at 160 °C/10 min/2.0 % w/w H 3 PO 4 , the ethanol production rate (r E ) was 0.18 h -1 (80 % increase when compared to cultivation on liquor hydrolysate obtained at 160 °C/10 min/0.5 % w/w H 2 SO 4 ) with ethanol content of 1.58 g L , efficiency of 56.82 %, and productivity of 0.07 g L -1 h -1 . With increase in concentration of inhibitory compounds in the cultivation media that are proportional to temperature increase, ethanol production rate decreases accordingly (Table 3 and Table 4 ; Ethanol content = 1.46 g L -1 ) and bioprocess efficiency (E = 90.19 %) were observed for cultivation on liquor wheat straw hydrolysate obtained at 160 °C/10 min/2.0 % w/w H 3 PO 4 , and they are comparable to results obtained by Lopes et al. 33 Ethanol conversion coefficients for cultivation on liquor wheat straw hydrolysates obtained at 180 °C/10 min and at 200 °C/10 min were 0.49 g g ), respectively. Anaerobic cultivations of genetically engineered S. cerevisiae on different liquor wheat straw hydrolysate media in HRTB Development of sustainable bioprocesses for biofuels production requires optimisation of energy consumption, as well as economic and ecological usage of raw materials. Currently, lignocellulosic raw materials have the advantage of being inexpensive sources of fermentable sugars 40 . Availability of sugars in lignocellulosic raw materials, such as wheat straw, greatly depends on used pre-treatment process. Using weak acids for treatment of raw lignocellulosic materials is one of the solutions for reducing toxic compounds and residual waste after pre-treatment process. Also, after such treatment, solid waste (wheat straw that is not hydrolysed) can be used in further process as a semi-solid/solid substrate for cultivation of molds, yeasts or bacteria 41, 42 , and production of biochemicals. Another solution is to use solid part after weak acid pre-treatment as a substrate for enzymatic treatment with cellulases in order to increase total carbohydrates content and availability of fermentable sugars.
Apart from optimisation of the pre-treatment process, optimisation of the cultivation technique is also necessary. Bioreactor design has an important role in bioprocess efficiency, as it influences bioprocess kinetics, hydrodynamics, and scale of operation 43 . A wild strain of S. cerevisiae on a semi-solid substrate (sugar beet cossettes) for bioethanol production was cultivated in the HRTB 19 . Therefore, this type of bioreactor was chosen for bioethanol production with genetically modified strain of S. cerevisiae on the wheat straw hydrolysates. In previous research 19 , the optimal combination of HRTB process parameters for bioethanol production was also determined. This HRTB combination of process parameters (12 minutes of HRTB rotation at 20 min -1 and 48 minutes of HRTB stagnation in a onehour period) was selected to be additionally evaluated. As it was proven during cultivations in shake flasks (in either nutrient-rich or liquor wheat straw hydrolysates media), xylose utilization decreased when glucose was not present in the media. To enhance xylose consumption during cultivation in HRTB, glucose (10 g L ) was added to liquor wheat straw hydrolysates cultivation media. Cultivation in shake flasks has proven that our selected genetically modified strain can grow and produce ethanol in media containing glucose and xylose as a carbon source (Table 4 , Figs. 5-6). It was therefore interesting to study ethanol production on liquor wheat straw hydrolysates in larger volume (5 L in the HRTB). Liquor wheat straw hydrolysates used for cultivation were obtained at 180 °C and residence time of 10 minutes for both sulphuric acid and phosphoric acid, because they had the highest total fermentable sugars content ( Table 2) . Results of Table 4 . As may be seen from the results, t lag and t exp significantly increased compared to cultivations in shake flasks (Table 4) . For cultivation in media obtained with pre-treatment at 180 °C/10 min/0.5 % w/w H 2 SO 4 , t lag is 5 hours and almost double that (9 hours) for cultivation on medium obtained at 180 °C/10 min/2.0 % w/w H 3 PO 4 . Accordingly, t exp increased to 8 h for sulphuric acid liquor wheat straw hydrolysates as a cultivation medium, and 14 hours for phosphoric acid wheat straw hydrolysates, respectively. Growth rate on liquor hydrolysates obtained with sulphuric acid was 0.22 h Table 4 ). Determined glucose consumption rate was 0.22 h -1 for cultivation on liquor hydrolysates obtained at 180 °C/10 min/0.5 % w/w H 2 SO 4 , and 0.49 h -1 for cultivation on liquor hydrolysate obtained at 180 °C/10 min/2.0 % w/w H 3 PO 4 , respectively. Xylose utilization was low (0.01 h -1 ) for both cultivations in the HRTB. Although a prolonged lag phase was detected in the HRTB, the growth rate had increased compared to cultivations in shake flasks, as well as ethanol conversion coefficient (16 % increase in HRTB for cultivation on liquor wheat straw hydrolysate obtained at 180 °C/10 min/0.5 % w/w H 2 SO 4 , and 18 % increase in HRTB for cultivation on liquor wheat straw hydrolysates obtained at 180 °C/10 min/2.0 % w/w H 3 PO 4 ; Table 4 ). The ethanol productivity increased three-fold increase compared to cultivation on the sulphuric acid hydrolysates in shake flasks (VEP flasks = 0.05 g L -1 h ; Table 4 ), respectively. Furthermore, bioprocess efficiency also increased in both cases (Table 4) .
Conclusions
Based on the results of this research, it is evident that liquor wheat straw hydrolysate contains relatively high pentose sugar concentrations derived from hemicellulose and smaller glucose amounts. However, the liquor wheat straw hydrolysates also contain different concentrations of various by-products (e.g., furfural, hydroxymethylfurfural, formic, acetic and levulinic acids, and phenolic compounds derived from lignin) that can have a synergistic inhibitory effect on the growth and activity of S. cerevisiae yeast. Therefore, S. cerevisiae strain was selected for its tolerance toward inhibitors present in liquor wheat straw hydrolysate, and ability to use hexose and pentose sugars.
Anaerobic cultivations of this S. cerevisiae strain were performed in shake flasks on the liquor wheat straw hydrolysates media obtained by dilute sulphuric acid or phosphoric acid pre-treatment. The results showed that the modified yeast strain was able to resist the synergistic inhibitory effect of the by-products present in the liquor wheat straw hydrolysate, use glucose and xylose simultaneously, as well as grow and produce ethanol in these unfavourable conditions. This research on bioethanol production on the optimized liquor wheat straw hydrolysate medium in the HRTB shows that the modified yeast strain improved xylose utilization compared to shake flasks experiments, resulting in total sugars utilization, and leading to an increase in overall bio process efficiency (Ethanol content = 3.99 g L -1
, Y E, sulphuric acid = 0.30 g g -1 and E sulphuric acid = 58.82 %; Ethanol content = 4.55 g L -1 , Y E, phosphoric acid = 0.45 g g -1 and E phosphoric acid = 88.24 %). Thus, it is evident that the usage of genetically modified S. cerevisiae can improve the bioethanol production on the hydrolysates of lignocellulosic raw materials with relatively high xylose concentration through different levels of bioprocess optimization (e.g., pre-treatment conditions, selection of working microorganism, complete feedstock utilization, and bioprocess parameters).
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